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Jacek J. Slon-Usakiewics, J. Sivaramari, Yunjge Li, MIroslaw Cygler, and Yasuo Konishi* 

Biotechnology Research Institute, National Research Council of Canada, 6100 Royalmount Avenue, Montreal 

Quebec H4P 2R2> Canada 

Received October 18, 1999; Revised Manuscript Received December 14, 1999 



abstract: Synthetic bivalent thrombin inhibitors comprise an active site blocking segment, a fibrinogen 
recognition exosite blocking segment, and a linker connecting these segments. Possible nonpolar interactions 
of the Pi ' and P3' residues of the linker with thrombin S 1' and S3' subsites, respectively , were identified 
using the "Methyl Scan" method [Slon-Usakiewicz et a). (1997) Biochemistry 36, 13494-13502]. A series 
of inhibitors {4-fert-butylbeiizenesulfonyl)-Arg-(r>pipecoljc acid)-Xaa-Gly-Yaa-Gly-^Ala^Asp-Tyr-Glu- 
Pro-Ee-Pro-Glu^Ju-Ala-^-cyclohfixylalanineJ-CD-Gl^-OH, in which nonpolar PI' residue Xaa or P3' 
residue Yaa was incorporated, were designed and improved the affinity to thrombin. Substitution of the 
P3' residue with D-phcnylglycine or D-Fhe improved the K\ value to (9-5 ± 0.6) x 10~ u or L3 :£ 0.5 x 
10 -13 M, respectively, compared to lliat of a reference inhibitor with Gly residues at Xaa and Yaa residues 
(Ki = (2.4 ± 0.5) x 1(T U M). Similarly, substitution of the PI' residue with L-norlcucine or L-/5-(2- 
thienyl)alanine lowered the Ki values to (8,2 ± 0.6) x 1CT 14 or (5.1 ± 0.4) x 10" t4 M, respectively. The 
linker Gly-GIy-Gly-^Aia of the inhibitors in the previous sentence was simplified with 12-aminododecanoic 
acid, resulting in further improvment of the Ki values to (3.8 ± 0,6) x i(T u or (1.7 ± 0.4) x 10~ 14 M, 
respectively. These JSTf values arc equivalent to that of natural hirudin (2.2 X 10" 14 M), yet the size of the 
synthetic inhibitors (2 kD) is only one-third that of hirudin (7 kD). Two inhibitors, with L-norleucine or 
L _^-(2-thienyl)alaninC at the PI' residue and the improved linker of 12-aminododecanoic acid, were 
crystallized in complex with human a-thrombin. The crystal structures of these complexes were solved 
and refined to 2.1 A resolution. The Lys** side chain of thrombin moved significantly and formed a 
large nonpolar ST subsite to accommodate the bulky PI' residue. 



Thrombin is a proteolytic regulatory enzyme of coagula- 
tion cascade. Upon vascular injury, thrombin is activated 
from prothrombin and converts soluble fibrinogen into 
insoluble fibrin clot Thrombin also hydrolyzes the amide 
bonds of protein C and thrombin receptor on the platelet 
surface The new N-terminal sequences generated by hy- 
drolysis of various substrates have been shown in several 
cases to have specific biological functions. For example, after 
release of fibrinopeptide A, the newly formed N-terminal 
Gly-Pro-Arg-Val- sequence of fibrin binds to the C-lcnninal 
domain of other fibrin molecules to form fibrin clot (I). 1 
Hie newly formed N-terminal Ser^ 2 -Phc-Leu-Leu-Arg- ... of 
the thrombin receptor after cleaving at the Arg^-Ser 42 bond 
binds intramolecularly and activates the receptors of human 
platelets and vascular endothelial cells (2). Thus, the 
sequence of P / residues has dual functions, as a substrate 
and as a functional site of the cleaved protein. 

Thrombin cleaves proteins at a limited number of sites. 
The primary specificity of thrombin is determined by PI 
residue Arg/Lys due to an ionic interaction with Asp 1BS > al 
the bottom of the SI subsite. 2 - 3 However, thrombin cleaves 



+ NRCC PubUcation No. 42940. 
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6339. Fax: (514) 496-5143. E-mail; YasuaIO7nifihi@nte.ca. 

1 Amine acids used in this paper are in the L-conf ; gurati on unless 
specified as i> amino acid for D-iuxmer and d,l for racemic mixture:, 



only four Arg-Gly bonds among 376 Arg/Lys-Xaa bonds in 
fibrinogen to release fibrinopeptides (5). The high specificity 
is thus arrived from other interactions. The S2 subsite of 
thrombin is nonpolar, and Pro is by far the preferred P2 
residue (o~). The S3 subsite of thrombin is called "the aryl 
binding site" and prefers aromatic or nonpolar amino acids, 
e_g., Phe 8 and Leu & of fibrinogen, to occupy the S3 subsite 
(7). Thrombin also has unique insertion loops B (Tyi 60 *- 
UeP* 1 ) and C (Thr^-Ala 149 *). contributing to the substrate 
specificity. Especially, it has been pointed out mat the Ly5*° p 
side chain excludes bulky amino acids of the PI' residue 
(4). For example, a mutagenesis of Lys** with Ala enhanced 
the affinity of the bulky Leu PI ' residue (8). The P2' residue 
in natural substrates and inhibitors of thrombin is very 
diverse, e.g„ Phe, Leu, Val, lie. Pro, Gly, His, Gin, and Asn; 
however, of synthetic substrates showed a preference 
for bulky hydrophobic P2' residues such as Phe and Trp, 



. 2 The substrate/inhibitor and subsiw floroenclatnrc was suggested by 
Sehecnter and Berber 0?) such thai residues of sulT^i^nhibitors were 
numbered PI, P2, P3, etc., toward (he amino terminus from thcscissile 
peptide bond, and the complementary subaiies of the enzyme were 
numbered S 1 ■ S2, S3, etc., respectively. Hue residues of same inhibitors 
such as MT>805. NAPAP, and TAPAP arc exceptionally numbered as 
P3, PI, and P2 from toe N-tcxmimis, reflecting their occupations of 
thrombin S3, SI, and 52 subsira, respectively, in the complex. 

3 The numbering of human a-ihtombin residues is based On die 
chymo trypsin sequence {4). 
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„ PI' and P3' Residues of Thrombin Inhibitors 

whereas acidic amino acids of Glu and Asp were not favored 
(6). Similarly, the F3' residue in natural substrates and 
inhibitors of thrombin is very diverse, e.g., Arg, Asn, His, 
Leu, Gly, and Asp; however, JW^ia of synthetic substrates 
showed a preference for basic and bulky hydrophobic amino 
acid as the P3' residue, whereas acidic amino acids of Glu 
and Asp were not favored (<5). Indeed, protein C having Asp 
at the P3' residue, is a poor substrate of thrombin, and is 
actively hydrolyzed only when the substrate specificity of 
thrombin is changed by the binding of thrombomodulin. The 
S' subsites of thrombin form a long and deep cleft toward 
the FRE. 4 The physiological function of this cleft is not well 
understood, 

Bivalem thrombin inhibitors bind to the active site and 
the PRE of thrombin simultaneously, and a linker connects 
these two blocking segments. Three types of bivalent 
inhibitors have been developed. The first type of inhibitor 
is a (substrate-type active site inhibitor segment (e_g_ 7 (r> 
Phe) H1 -Pro^- Arg ra -Pro TW ])~(linker)-(FRE inhibitor segment* 
[e.g., hirudin 55 -* 5 ]) (9-U). 5 Since the scissile bond at Arg ro - 
Pro 1 * 4 is slowly hydrolyzed by thrombin, various pseudopep- 
tide bonds or transition-state analogues have been developed. 
However, the synthesis of the pseudopeptide bonds or 
transition-state analogues may require tedious organic chem- 
istry with low yield {12-15 ). Inhibitors of the second type 
mimic the binding mode of hirudin with a typical sequence 
of (P1-P2-P3 or P2-PI-P3)-(lmker)-(FRE inhibitor segment) 
{16—18). The active site inhibitor segment binds in reverse 
to the substrates, and a long linker bridges between the P3 
residue and the N-terminal Asp 1155 of the FRE inhibitor 
segment These inhibitors advantageously avoid the scissile 
bond or are able to incorporate transition-state analogues. 
This arrangement eliminated the N-terminal free amino group 
of the P3 residue, which, in the substrate-type inhibitor 
segment, enhanced the affinity —100-fold (19). Thus, the 
affinity of inhibitors of this type could be oidy "^lO-foId 
better than the corresponding active site inhibitors (77). 
Inhibitors of the third type utilize high affinity q£ nonsub- 
strate-type inhibitors such as MD-805 and NAPAP (20), The 
scissile bond is eliminated by connecting the PI' residue 
directly to the P2 residue. Tsuda et al. (20) successfully 
designed this class of inhibitors with K x values on the order 
of 10~ n M. Hie inhibitors were synthesized by using 
conventional SPPS with ^-70% purity in the crude products. 
The inhibitors also made it possible to design the linker as 
P* residues for additional interactions, with thrombin since 
short linkers lie along the deep cleft at the 5' subsites. 

4 Abbreviations; oAbu, a-anrinobutyrie acid; /?AJa, ^-alanine; 
AAdod, 1 2-annnododecanoic add; O-Aib, a-aramoisobntyric acid; AMC, 
7-amino^nufthylcouiinariTi; Bbs. 4-te^butylbenzene&uifcmyl; Cha, 
^yclohexylftlftninc; Chg, cycloheiylglycme; Fmw. 9-fluorenyImethox- 
ycarbonyl; FRE, fibrinogen recognition exo site; Hpn, homopbenyla- 
lanine; HPLC high -pcrf otmance liquid chromatography; MD-B05, 
<2ft4/9^mclhyl-HiVa-(3-r^ 

DylH-ai^yIJ-2-pipaidinccarboxylk add; NAPAP, Wo>(2-naphtfayl- 
aulfonylgrycorl)-D^-p-arnMinonhenylato NIc, norlcudne; 

Nva, norvaline; Pen, ^^-dimethyleystdnc; Phg, phenylgjycira; Pip, 
pipecolic add; SPPS, solid-phase peptide synthesis; Tbg, tert-buxylg- 
lyrinc; TFA, trifluoroacctic acid; TO, ^2-thieaiyl)aIaniTie; Tos, p- 
toluencMilfoiiyi; Tris, 2-ainmo-2^ydroxvirifiihylH ^ 

5 The U umbering of the inhibitor residues is based on the hirudin 
sequence, and "H" is added to the residue number of the inhibitors, 
c.g„ BbsW^A^-CD-Pip^-Gly^-Gly^-Gly^-GyVAla^^Asp^ 

OH. 
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Nonpolar interactions were searched for using a "Methyl 
Scan" in which a methyl side chain was introduced at each 
backbone atom of the linker and the K\ values of the 
inhibitors were evaluated (2/). The methyl side chain at the 
second and eighth atoms of the 16-atorn linker, corresponding 
to the PI' and P3' residues, respectively, improved the affinity 
of the inhibitor by 20-25-fold with l- and ^configurations, 
respectively. 6 This was rather contradictory k> the strong 
preference for small amino acids as the PI' residue. The 
preference for nonpolar D-amino acids at the.P3' residue was 
novel since no D-amino acids had been studied. 

In this paper a series of inhibitors, Bbs-Arg-(D-Pip)-Xaa- 
Giy'Yaa-Gly-/?Ala-Asp-Ty-Glu-P^ 
Cha-(D-Glu)-OHj were used, where Xaa and Yaa are Gly or 
various r> or L-nonpolar amino acids , The crystal structures 
of two inhibitors in complex with thrombin are presented. 

EXPERIMENTAL PROCEDURES 

Materials. Human a-thrombin (3000 NIH iinits/mg) for 
enzymatic assay, bovine fibrinogen (70% protein, 85% of 
protein clottable), Tos-Gly-Pro-Arfi-AMC*HC1 salt, poly- 
ethylene glycol) 8000, and Tris were purchased from Sigma 
(SL Louis, MO). Human a-thrombin for crystallization was 
purchased from Hematologic Technologies Inc. (Essex 
Junction, VT) and was used without further purification. All 
Fmoc-amino acids and all other amino acid derivatives for 
peptide synthesis were purchased from Advanced ChemTech 
(LxmisviUe, KY), Bachem Bioscience Inc. (King of Russia, 
PA), and CaTbiochem-Novabiochcm (San Diego, CA). Fmoc- 
r>Glu(OtBn)-Wang resin (0.59 rnmol/g) was purchased from 
Calbiochem-Novabiochem. The solvents for peptide synthe- 
sis were obtained from B&J Chernicals (Muskegon, MI) and 
Pcrkin-Ehner/Applied Biosystems (Foster City, CA). Citric 
acid, diethyl ether, and glacial acetic acid were purchased 
from Anachemia Chemical Inc. (Rouses Point, NY). TFA 
was purchased from Halocarbon Products Co. (River Edge, 
NJ). Phenol, thioaninsole, potassium sulfate, sodium phos- 
phate, and ethanedifMol were purchased from Aid rich 
(Milwaukee, WI). 

Peptide Synthesis. The peptides were synthesized by using 
the solid-phase method on a 396 multiple peptide synthesizer 
(Advanced ChemTech) using a conventional Fmoc proce- 
dure. Peptides were cleaved from the resin using Reagent K 
(TFA (82.5%ywater(5%)/Dhmol (5%)/thioani5ole (5%)/ 
ethanedithiol (2*5%); 25 mlVg peptide-resin) for 2-4 h at 
room temperature. After precipitation with diethyl ether, 
peptides were filtered, dissolved in 50% acetic acid, and 
lyophilized. The peptides were then purified by a preparative 
HPLC (Vydac C4 column, 4.6 x 25 cm) using a linear 
gradient of 20-50% acetonitrile in 0.1% TFA (0.5%/min 
gradient; 33 rnL/min flow rate). The final products were 
lyophilized with 98% or higher purity estimated by an 
analytical HPLC (Vydac C u column, 0.46 x 25 cm; 10- 
60% acetonitrile in 0.1% TFA; 1.0%/min gradient; LO mU 



* The linkers were named according to the number of atoms 
contributing to Ihe length of the linkers; e.g., a linker 4-amiirobntyric 
acid is a S-atom linker and (12-anunododeeatkoic acid— 4-aminohutyric 
acid) is an 18-akrm linker. For convenience, in this paper, the PI 'moiety 
of the linker is connected to the P2 residue and marks ihe start of the 
tinker. This differs ft*™ (he previous numbering scheme, where the 
linker began after the PI' residue (,22). 
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min flow rate). The elution profile was monitored by an 
absorbancc at 210 and 254 run for the analytical HPLC, and 
220 nm for the preparative HPLC. The peptides were 
identified with a Beckman model 6300 amino acid analyzer 
(Bcckman, Fullertpn, CA) and an API m mass spectrometer 
(Scicx, Concord, Ontario, Canada). Amino acid analysis was 
used for peptide content determination. All peptides used in 
this paper have correct amino acid compositions and mo- 
lecular masses. 

Amidolytic Assays. The inhibition of amidolytie activity 
of human a-thrombin was measured fluorometrically using 
Tos-Gly-Pro-Arg-AMC as a fluorogenic substrate in 50 mM 
Tris-HCl buffer (pH 7.80 at 25 °C) containing 0.1 MNaCl 
and 0.1% polyethylene glycol) 8000 at room temperature 
(2i). The final concentrations of the inhibitors, the substrate, 
and human a-thrombin were (0.5— 1000)Xi, (1—8) x 10~ 6 
M, and 3.0 x I0~ n M, respectively, if > lO" 10 M; (10- 
100)ATi, (5-40) x 10"* M, and 3.0 x 10~" M, respectively, 
if lO" 10 M > K { >10- n M; and (3.3-56) x lO" 10 , (5-40) 
x 10-*, and 3.0 x 10^" M, respectively, if Jt| < MT" M. 
The hydrolysis of the substrate by thrombin was monitored 
on a Hitachi F2000 fluorescence spectrophotometer and a 
Parkin-Elmer LS50B luminescence spectrophotometer (A ra 
= 3B3 "mm JU - 455 nm), and the fluorescent intensity was 
calibrated by using AMC. The substrate and an inhibitor were 
premixed at appropriate concentrations (the solution volume 
was adjusted to 2,99 rnL) before 10ptL of human a-thrombin 
(9 x 10~ 9 M) was added. The reaction reached a steady state 
within 3 min after the hydrolysis started. The steady-state 
velocity was then measured for a few minutes. The kinetic 
data of the steady-stale velocity at various concentrations of 
the substrate and the inhibitors of the competitive inhibition 
were analyzed using the methods described in refs 22 and 
24. Microsoft Excel was used to estimate the kinetic 
parameters (K mi V nm and Kd. 

Crystallization and Data Collection. Two thrombin inhibi- 
tors, P628 [Bbs-Arg-(D-Pip)-Nle-AAdod-.A£p-Tyr-Glu-Pro- 
ne-Pro-Glu-Glu-Ala-Cha-(r>Glu)-OH] and P798 [Bbs-Arg- 
(D-Pip>Thi-AAdc4-Asp-Tyr-Glu-Pro^ne-Pro-Glu-GIu-Ala- 
Cha-(r>Glu>OH], were cystallized in complex with human 
a-thrombin. The thrombin— inhibitor completes were pre- 
pared by overnight incubation of thrombin (6 mg/mL) with 
innibitor P628 or P79& at a molar ratio of 1:2 in 50 mM 
potassium sulfate, 50 mM citrate buffer (pH 5.5) at 4 °C 
The crystals were grown by using the hanging drop vapor 
diffusion method with a reservoir solution of 25% (w/V) poly- 
ethylene glycol) 4000, 40 mM potassium sulfate, and 100 
mM citric acid buffered to pH 5.5 with sodium phosphate 
at 18 Q C. The pH of the reservoir solution was adjusted. The 
crystallization drops contained 2 fiL of mrambin— inhibitor 
complex solution and 4 pL of the reservoir solution- Rodlike 
crystals were harvested after 3-4 days. Diffraction data were 
collected on a Raxis II C area detector with a Rigaku RU 
300 rotating anode source. Data evaluation of thrombin^ 
P62S complex performed with Denzo and Scalepack (25, 
26) established a C2 space group having cell parameters a 
= 71.1 k,b = 71.9 A, £ = 73.3 A,and/?*= 100.5°. A total 
of 85 433 reflections observed were merged to 20 926 unique 
reflections with an /? ty m = 0.06 and completeness of 98.1% 
10 2.1 A resolution. Thrombin— P798 complex was also 
crystallized in the C2 space group having cell parameters a 
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= 70.8 A,fr= 72.0 A, c = 72.9 K and 0 - 100.2°. A total 
of 70 01 0 reflections observed were merged to 20 426 unique 
reflections with an = 0.05 and completeness of 95.8% 
to 2.1 A resolution. Both crystals contained one complex 
molecule per asymmetric unit. 

Structure Determination and Refinement. A thrombin 
molecule from the thrombm-nirutonin--2 complex (27) (PDB 
code lihs) was used as a model in the structural determi- 
nation of thiombin-P62S and -P796 complexes. Program 
O version 5.10 (28) and X-plor 3.8 (29) were used in model 
building and in the refinement, respectively. Appropriate 
entries were added to the dictionaries of both programs 10 
accommodate the nonstandard groups of the inhibitors. Rigid- 
body refinement of the thrombin model followed by mini- 
mization reduced the R facotr to 0.32 for both complexes. 

The 3^0 — 2F C and difference maps calculated for 
thrombin at this stage showed clearly the inhibitors. They 
were modeled into these maps, except for D-Glu HeS . One 
hundred cycles of energy minimization were followed by 
molecular dynamics refinement with slow cooling from 1500 
10 300 K, and the cycle was completed by another 100 cycles 
of energy nunirnization. The individual B factors were refined 
in 20 cycles of B factor refinement. Solvent molecules were 
added to the model. Several cycles of the refinement were 
performed, followed by model refitting to 3F 0 — 2F& F 0 " 
F t and the omit maps. The final structure includes A-chain 
Asp 1A -Lys 14A and B-chain Jle lfi -Glu 14fi and Gly^-Fhe 3 * of 
thrombin and all residues of P628 except D r Glu Htf5 or all 
residues of P795 except Cta^-^Gui™ 5 ). The thrombin- 
P62B and -P798 complexes also include 142 and 160 water 
molecules, respectively. The final R factor for the reflections 
within the 8—2.1 A resolution range was 0.192 (/Z-free = 
24.0%) and 0.187 (tf~free = 23.3%) with f > cr(I) for the 
thrambin~P628 and -P798 complexes, respectively. The 
rms deviation of the bond length was 0.009 and 0.008 A for 
the lhrombin-P628 and — P798 complexes, respectively. The 
rms deviation of the bond angle was 1 .72° and 1 .70° for the 
thrombin-P628 and -P798 complexes, respectively- The 
backbone dihedral angles (# and V0 of the inhibitors and 
the thrombin residues were in the allowed region of the 
Ramachandra plot except Ala" 63 of F62B. 

RESULTS AND DISCUSSION 

PI' Residue of the Bivalent Inhibitors. A series of bivalent 
thrombin inhibitors Bbs-Arg-(l>-Pip)-Xaa-Gly-Gty^ 
Asp-Ty-Glu-Pco-fl^ were 
synthesized by incorporating various nonpolar amino acids 
at the Pi' residue Xaa, where Gly was used as a reference 
amino acid (Ki - 2.4 x 10" 11 M) (Table 1). As reported in 
Methyl Scan (21), the PI' residue Ala improved the affinity 
20-fold with a Ki value of (1.2 ± 0,4) x 10" 12 M (P1004) t 
whereas D-Ala improved the affinity 6-fold with a *k value 
of (4.2 ± 0.5) x l(T n M (P1005), suggesting r^erence 
for L-arruno acid at the Pr residue. Simultaneous incorpora- 
tion of r> and L-Ala, i.e., aAib, did not improve the affinity 
any further, with a K value of (2.4 ± 0.5) * 10~ ia M 
(P1373), possibly due to the conformational constraint of 
the OtAib backbone (J0)..Inrroduction of a y-methyl group, 
i.c. 4 substitution of the PI' residue Ala with aAbu, improved 
the affinity 2-fold with a JCi value of (6.3 ± 0.5) x 10~" M 
(P1378). Introduction of a rS-methyl group by substituting 
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Tabic 1: Inhibition Constant of Bivalent Thrombin Inhibitors 
Bbs^Arg-(D-Pip)-Xaa-Qly^Iy-Gly ^A^-Asp'Tyr-Glv-PfQ-ne- 

Pro-Glu^Glu-Ak-Oia-(D-Glu)-OH 



Table 2: Active Site Directed Thrombin Inhibitors 
Bbs-Arg^D-Pip>-Xaa-NHi 



ID no. 


Xaa 


Ai(pM) 


iu no. 


ASA 




?m 


Gly 


24±5 








P1004 


Ala 


1.2 ± 0.4 


P1005 


D-Ala 


4:2 ± 0-5 


PJ373 


aAib 


2.4 ±0.5 








P1378 


aAbu 


0.63 ±0.05 


P1379 


D-oAbu 


43 ±0.4 


P1376 


Nva 


0^4 ±0.05 


P1375 


r>-Nva 


5.1 ±0.4 


P1377 


hlle 


0,082 ± 0.006 


P1374 


r>-Nle 


5.3 ±0.3 




Met 


0.11 ±0.03 


P1395 


D-MeL 


4.S ± 0.3 


PH381 


Val 


0.84 ± 0.05 


P1380 


D-Val 


3.7 ± 0.4 


PW20 


Tbg 


1.1 ±Q-3 


P1421 


D-Tbg 


5.8 ±0.4 


PI438 


Pen 


1.5 ± 0.4 


P1439 


D-Pen 


6.8 ±03 


P1383 


ne 


0.14 ± 0.04 


P1384 


D-Uc 


4,3 ±03 


P13S2 


Leu 


0.12 ±0,04 


P1385 


d-Lcu 


2.6 ± 03 


P1399 


Chg 


0.35 ±0^ 








P1388 


Cha 


0.12 ± 0.04 


PI 396 


D-Cha 


7.2 ±0.3 


P1397 


Phg 


3-1 ± 0.4 


P1398 


D-Pbg 


7,B±0.5 


P1366 


Phe 


0.51 ± 0.05 


P1394 


D-Phc 


3.4 ±0.3 


P1400 


Hph 


0.18 ± 0.05 


P1441 


ti-Hpb 


2.8 ± 0.5 


P139I 


Trp 


630 ±30 


P1443 


D-TTp 


820 ±50 


P1369 


His 


0,91 ±0.04 


P1442 


r>His 


2.1 ±0.3 


PJ392 


Thi 


0.051 ±0.004 


P1393 


i>Thi 


2.8 ±0.4 



the Pr residue aAbu with Nva further improved the affinity 
2.5-fold with a & value of (2.4 ± 0.5) x 10~ 13 M (P1376). 
Addition of an ^-methyl group by substituting the PI' residue 
Nva with Nle further improved Ihc affinity 3-fold with a JtTi 
value of (8.2 ± 0.6) x IQ~ U M (P1377). Thus, moderate 
but steady 2— 3-fold improvement of the affinity was 
observed when linear alkyl side chains were introduced at 
the Pr residue, except 20-fold drastic improvement when 
the methyl side chain of Ala was introduced. On the other 
hand, the corresponding D-amino acid substitutions with 
D-oAbu, o-Nva, and D-Nle showed no improvement These 
linear alkyl side chains of D-amino acids might be exposed 
to the solvent or have little interaction with thrombin. 
Incorporation of Met, which is homologous to Nle, at the 
PI' residue showed an affinity, with a & value of (1,1 ± 
0-3) x 10" 13 M (FI3S7), similar to that (jfc - (8.2 ± 0.6) x 
10"" M) of Nle (P1377). 

Branched analogues of aAbu showed little effect on the 
affinity of the inhibitors, i.e., Val, Tbg, and Pen, with JCi 
values of (8.4 ± OS) x IP" 1 * (P13S1), (1.1 ± 0.3) x 10" 12 
(P1420), and (1.5 ± 0.4) x 10~ ia (P1438) M, respectively, 
compared to (6.3 =b 0.5) x 10" 13 U of ctAbu (P1378). On 
the other hand, branched analogues of Nva showed weak 
improvements with K{ values of (1.4 ± 0,4) x J0~ 13 M with 
lie (branching at the Cp atom) (P1383) and of (1.2 ± 0.4) 
x 10~ 13 M with Leu (branching at the Cy atom) (P1382) 
compared to (2.4 ± 0.5) x 10" 13 M of Nva (P1376). Chg 
and Cha are the bulky cyclic nonpolar side chains with 
reduced conformational flexibility. The values of these 
analogues were (3.5 =fc 0.5) x 10" 1J (P1399) and (1.2 ± 
0.4) x 10~ 13 (P13BS) M for Chg and Chi, respectively, 
showing no improvement compared to the linear alkyl side 
chains. Among the linear, branched, and cyclic alkyl side 
chains, the inhibitor PI 377 with Nle had the highest affinity. 
Since the amide bonds of the linker might affect ihc 
interactions of the Pi' residue with thrombin, three amide 
bonds in the P1377 linker Gty~Gly-Gly-/3Ala were eliminated 
by substituting with AAdod. The resulting inhibitor P628 



ID no. 


Xaa 


&(oJM) 


ID no. 


Xaa 


tfi(nM) 


P972 


None 


180 ±20 


P898 


Hph 


25 ±3 


P8B7 


Gly 


550 ± 30 


P899 


Thi 


5.2 ±0.4 


P891 


Nle 


25 ±4 









DBrw-Arg-(i>-Pip>Nle4Adod-Asp-Tyr-Glu>Pro-Ile-Pro-Glu- 
* Glu-Ala-Cha-(r>Glu)-OHl improved the affinity 2-fold to a 
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K\ value of (3.8 ± 0,6) x 10"" M. The crystal structure of 
the thrombin- P628 complex is described below. 

The aromatic side chain was also introduced at the PI' 
residue. Incorporation of Phg improved the affinity 8-fold 
with a Ki vqluc of (3.1 ± 0.4) x 10" 12 M (P1397) compared 
to that with Gly (P836) ((2.4 ± 0.5) x 10"" M). The 
substitutions with longer aromatic side chains (Phe and Hph) 
improved the affinity further* i.e., Ki = (5.1 ± 0.5) x 10" 13 
M for Phe (P1386) and (1.8 ± 0.5) x 10~ 13 M for Hph 
(P14O0), suggesting a deep pocket of the SI' subsite. 
However, Trp was too bulky to fit at the SI' subsite, resulting 
in a high A value gf (6.3 ± 0.3) x 10" 10 M (PI 391). The 
replacement of Phe with His (P1389) did not improve the 
affinity. However, when a His homologue (Thi) was in this 
position, the affinity was increased 10-fold, with Ki = (5.1 
± 0.4) x 10" 14 M (P1392). When the Gly-Gly-Gly-^Ala 
linker in this compound was replaced by AAdod as in P628, 
the resulting inhibitor P798 [Bbs~Arg-<r>Pip)-Thi^Adod- 
Asp-Tyr-Glu-PiT^Ite-^^ gained 
3-fold in afSnity, JEi = (1.7 ± 0.4) x 10~ 14 M. The crystal 
structure of the thrombin— P798 complex is described below. 
All examined inhibitors with D-amino acids at the PI' 
position showed a higher value than that of the inhibitor 
with a corresponding L- amino acid (Table 1), Thus, the PI' 
position clearly shows preference for L-amino acids. 

PT Residue of the Active Site Inhibitors. The bivalent 
thrombin inhibitors in this paper use short 16- atom linkers. 
Since the 16-atom linkers are stretched along the deep cleft 
between the active site and the FRE (31), the PI' residue is 
forced to be m the vicinity of the Si' subsite. Such restriction 
was not present in the active site inhibitors Bbs-Arg-(D-Pip)- 
Xaa-NHa where various nonpolar amino acids were incor- 
porated at the PI' residue Xaa (Table 2). A reference peptide, 
Bbs-Arg- (r>-Pip)-Gly-NH2 (PB87), showed a Ki value of (5.5 
± 0.3) x 10" 7 M. Bbs-Arg-(D-Pip>NH 2 (P972) t which is 
missing the PI' residue, showed a 3 times lower K\ value of 
(1.80 =fc 0.20) x 10 -7 M. Thus, the cost of introducing the 
Pi' residue Gly is 0.66 kcal/moL This cost may be overcome 
by incorporating an appropriate side chain at the Pl r residue. 
The PI' amino acids which improved the affinity in the 
bivalent inhibitota, Bbs-Arg-(i>Pip)-Xaa-Gly-Gly-Gry-/JAla- 
Asp-Tyr<}lu-Pro-ne-^^ also 
improved the affinity of the active site inhibitors Bbs-Arg- 
(D-Pip)-Xaa-NH 2 . Nle improved the affinity of the active site 
inhibitor by 22-fold with a Ki value of (2.5 ± 0.4) x 10" 8 
M (P891) compared to the 290-fold improvement in the 
bivalent inhibitor (P1377). Similarly, Hph improved the Ki 
value by 22-fold (K { = (2.5 ± 0.3) x 10"* M) in the active 
site inhibitor (P898) whereas there was a 133-fold improve- 
ment in the bivalent inhibitor (P1400); Thi improved the Ki 
value 106-fold (Ki = (5.2 ± 0.4) x 1Q"" 9 M) in the active 
site inhibitor (P899) compared to a 470-fold improvement 
in the bivalent inhibitor (Pi 392). The smaller improvement 
by Nle, Hph, and Thi in the active site inhibitors compared 
to those in the bivalent inhibitors may come from the larger 
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Tabte 3: Inhibition Constant of Bivalcm Thrombin Inhibitors 
Bbs-Axg^D-Pjp)^jly^ly-Ym-Gly-^lB-Asp-Tyr-Glu-P^ne- 
Pro-Glu-Glu-Ala-Cha-(D-Glu)-OH 



ID no. 


Yaa 




TDno- 


Yaa 




P83G 


Gly 


24 ±5 








PI 054 


AUi 


8.7 ±0.2 


P1Q55 


p-Ala 


0.96 ± 0.03 


P106B 


oAib 


1.4 i 0-3 








F1056 


aAbu 


7.4 ± 03 


P1346 


D-aAbu 


0.77 ± 0.03 


PI 057 


Nva 


9.2 ± 0.4 


PI 075 


D-Nva 


O.BB ± 0.04 


P105B 


Nle 


6.9 ±03 


P1074 


D-Nle 


0.68*0.04 


P141S 


Met 


10.4 ±0.5 


PI419 


D-Met 


1.5 ± 03 


P1061 


Va! 


1.2 ±0.5 


P1070 


D-Val 


0.62 ±0.02 


P1069 


Tbg 


4.3 ±0.5 


P1073 


D-Tbg 


0.44 ±0.04 


P1431 


Pen 


5.6 =f= 0-5 


P1432 


D-Pen 


1.5 ± 03 


F1C59 


lie 


1.9 ±03 


P1071 




0,35 ±0.5 


P1060 


Uu 


2.2 ±0.5 


P1072 


D-Lcu 


0.62 ±0.03 


P1341 


Chg 


3.2 ±0.4 








P1424 


ChA 


9.6 ±0-5 


PI 077 


o-Cha 


1.5 ± 03 


P1340 


Phe 


2.8 i 0.4 


P1076 


D-Phg 


0.095 ±0.006 


P1339 


Phc 


4.5 ±0.4 


P1078 


D-Phc 


0.13 ± 0.05 


P1345 


Hph 


12 ±0.3 


P1425 


D-Hph 


0-76 ±0-05 


P1344 


Trp 


9-8 ±0-4 


P1427 


D-Trp 


2.2 ± 03 


P1343 


His 


6.2^0.5 


P1426 


D-Iiis 


L4±0.4 


P1342 


Thi 


5.1 ±03 


P1428 


D-Thi 


1,2 ± 0.4 



entropy loss of the PI 7 residue in the active site; inhibitors 
than that in the bivalent inhibitors. 

P3* Residue of the Bivalent Inhibitors. The Methyl Scan 
of the linker showed a preference for p-amjnp acid at the * 
P3' residue; i.e. a substitutions of the P3' residue Gly by l- 
and D-Ala improved the affinity 3- and 25-fold, respectively 
(27). A series of bivalent thxombiii inhibitors Bbs-Arg-(o- 
Pi P )-Gly-Gly-Yaa-Gly-^Ala-Asp-Tyr-Glu-Pro-Ile-Pro-Glu- 
Glu-Ala-Cha*(D-GIu)-OH, were synthesized by incorporating 
various nonpolar amino acids at the P3' residue Yaa where 
Gly was used as a reference amino acid (Table 3). Inhibitors 
P1054, P1056, P1057, and P1058 with a linear sdkyl side 
chain of L-arnino acids (Ala, aAbu, Nva, and Nle, respec- 
tively) at the P3' residue improved the affinity ~3-foId 
compared to that of the reference inhibitor P836. The 
inhibitors PI055, P1346\ P1075, and P1074 with correspond- 
ing D-amiito acids (D-Ala, D-aAbu, D-Nva, and D-Nle, 
respectively), on the other hand, improved the affinity of 
the inhibitors 25— 35-fold, showing ^10-fold preference for 
D-arnino acids over L-amino acids at the F3' residue. 
Elongation of the linear alkyl side chain did not affect the 
affinity for both L~ and D-amino acids. The inhibitors PI 061, 
P1069. P1059, and P1060 with a branched alkyl side chain 
of L-amino acids (Val, Tbg, Jle, and Leu, respectively) at 
the P3' residue improved the affinity 5— 20-fold. The 
branched L-amino acids are visibly preferred over the linear 
alkyl L-amino acids at the P3' position. The inhibitors PI 070, 
PI073* P1071, and P1072 with a branched side chain of 
D- amino acids (D-Val, r>Tbg, D-Ile, and ]>Lcu, respectively) 
improved the affinity 40— 70-fold, significantly higher than 
the affinity of the corresponding L-amino acids. Introduction 
of D-Cha with a constrained conformation of the branched 
alkyl side chains led to less improvement than that of other 
D-arnino acids (P1077; K\ - (1.5 ± 0.5) x 1Q -14 M). A 
similar lack of improvement was found with sulfur hetero 
compounds (P1419 with r>Met and P1432 with D-Pen), Li 
addition to an alkyl side chain, aromatic groups were also 
introduced. The inhibitor P1340, P1339, P1345, P1343, 
PI 344, and P1342 with aromatic L-amino acids (Phg, Phc, 
Hph, His, Trp, and Thi, respectively) improved the affinity 
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2-8-fold. The inhibitors P1076, P1078, P1425, P1426, ■ 
P1427, and P142B with corresponding i^amino acids (D-Phg, 
r>Phe, D-Hph, r>His T n-Trp, and D-Thi, respectively) showed 
better improvement with an 1 1— 250-fold increase in affinity. 
This indicates a strong preference for aromatic D-amino adds, 
more specifically for D-Phg (P1076; & =* (9.5 ± 0,6) x 10~ 14 
M) and D-Phe (P107S; K\ = (1.3 ± 0.5) x 10~ 13 M) at the 
P3' residue. Combining the best substitutions in PI' and P3', 
Thi and D-Phg, respectively, led to a significantly reduced 
affinity (P1444; 25 = (8.6 ± 03) x 10" u M). There seems 
to be a conflict in simultaneous insertion of Thi and D-Phg 
side chains into the SI' and S3' subsiies, respectively, even 
though they are separated by a flexible Gly residue. 

Structures at the Active Site. Here we report the crystal 
structures of human a-thrombin— P628 and — P798 com- 
plexes. The PI' residue is Nle in P628 and Thi in P798. The 
structures of thrombin in these complexes are nearly identical, 
with an rms deviation of 0.102 for all atoms. The autolysis 
loop Gm 14 *— Lys M&E is disordered, as reported for other 
thrombin— bivalent inhibitor complexes that crystallized in 
the C 2 space group (JP. 32 t 33), Bbs H1 , Arg^, and (D-Pip)" 3 
occupy the S3, SI, and S2 subsites of thrombin, respectively 
(Figure 1), The structures of these residues were well defined 
in the electron density maps. The S3 subsite is an aryl binding 
pocket surrounded by Tyr«\ Trp* 00 , Gin 9 ™, Asn 9a , Leu", 
lie 174 , Trp 215 , and Glu 217 . The aromatic group of the P3 
residue makes favorable stacking interactions with Trp 215 . 
Replacement of the phenyl group of J>Phe H1 by a cyclohexyl 
group of r>Cha H1 leads to additional contacts with the alkyl 
side chains of Leu* 9 and Be 174 and provides increased affinity 
{19). Similarly, thep-tert-butyl group of Bbs HI in the current 
inhibitors interacts with the side chains of Leu" and lie 174 , 
resulting in 8-fold increased affinity as compared to a 
corresponding inhibitor with D-Phe" 1 (data not shown). Thus, 
van der Waahs interactions arc the key element of the 
molecular association at the S3 subsite. Sulfonyl oxygen 
atoms of Bbs* 11 are exposed la the solvent and do not interact 
with thrombin, suggesting little contribution to the affinity. 
The Arg** 2 side chain extends into the SI subsite as reported 
in thrombin-P498 and -P500 complexes (31). Its guan> 
dinium — NHj + moiety forms a salt bridge (d = 3.0 A) with 
the carboxylate group of Asp 169 . The guanidiniiim =NH of 
Arg* 12 forms a hydrogen bond (d = 3.0 A) with Wat 7 , which 
is further hydrogen-bonded (d ~ 2.8 A) to the carbonyl 
oxygen of (D-Pip)* 13 . (o-Pip)" 3 occupies me S2 subsite of 
thrombin and adopts a chair conformation. (D-Pip) 113 , the 
conformation of which is the same in P49S— , P500— , 
P628— , and P798-thrombin complexes, interacts with Ser 214 
Oy through Wat 7 . The closest carbonyl carbon of me 
inhibitor to the catalytic oxygen of Ser 195 is the one of (d- 
Pip)* 13 with a distance of —4.5 A, which assumes me 
proteolytic stability of these compounds against thrombin. 

Structures at the SI' Subsite. The specificity of me 
thrombin SI' site for the small PI' residue was experimen- 
tally confirmed by characterizing the reactivity of thrombin 
with natural and engineered variants of antithrombin III in 
which Ser 394 at the PI' position is substituted with other 
amino acids (ft 34-36). The conformation of Lys 601 " was 
used to explain the substrate specificity of the PI' residue 
for small amino acids such as Gly, Ala, Val, Ser, Thr, and 
Asp (Figure 2) (J7). In the thrombin— P498 complex, the 
Lys 60 * is close to the main chain of the inhibitor P498 [the 
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Figure 1: Sterwiew of the crystal structures of thrambin^P628 and -P798 complexes at the thrombin active site. Thin and thick lines 
recent the thrombin and P798, respectively, in the lhrombiir-F79S complex. Thm broken and thick brokeo lines represent thrombin and 
P62S. respectively, in the thrombio-P628 complex. The dashed lines represent hydrogen bonds. 




Figure 2: Stereo views of the crystal structures of thrombin-bivalent inhibitor complexes al the SI* subsite. Thin and thick lines represent 
the thrombin and P798, respectively, in the thrombin-P798 complex. Thin broken and thick broken lines represent thrombin and P500, 
respectively, in the thrombin -P500 complex fox comparison. Dashed lines represent hydrogen bonds. 

P498 complex is not very well defined, suggesting flexible 



N<? of Lys^ is 4,7 A away from C* of 0A\sL m and is 
hydrogen-bonded to the amide nitrogen of ^Ala"* through 
Wat 112 ]. In addition, the side chain orientations of Leu 41 , 
Glu 39 , and Leu 33 were also different from those of the 
conformation observed in thrombin— P628 and — P798 
complexes. However, this argument does not explain the 
presence of large amino acids He, Leu, and His in some 
thrombin substrates nor high affinity of the chromogenic and 
fluoxugenic substrates, the significant portion of the affinity 
of which comes from its bulky ncmpolar PI' residue. Trie 
electron density of the Lys WF side chain in the thrombin— 



conformation and rather poor impediment against a bulky 
Pr residue. Furthermore, another well-defined conformation 
of the Lys 60 * side chain was observed by Matthews et al. 
(38) and SL Charles et al. <J9) as well as in thrombm-P628 
and -P798 complexes (Figure 2). This conformation of 
Lys fioF ^ we l] defined in the electron density with an average 
B factor of 28.9 and 33.6 A 2 for the Lys** side chain atoms 
of P628 and P798 complexes* respectively, the Lys** Ne 
is hydrogen-bonded lo Wat iu (d - 2.9 A), which interacts 
with Glu 3 * through Wat 12B . The aliphatic part of the Lys** 
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Rgure 3: Stereo views of the crystal structures of thrombin-bivalcnt inhibitor complexes at Ihc FRE. Thin and thick lines represent the 
thrombin and P798, respectively, in the thrombin- P798 complex. Thin broken and chick broken lines represent thrombin and P500 P 
respectively, in the thrombin-P5QQ complex for comparison. Dashed lines represent hydrogen bonds. 



side chain interacts with Ihc side chains of Leu 4 \ Trp* 00 , 
and Phe 60 " through van der Waals interactions, resulting in 
a large and deep hydrophobic SV binding pocket which can 
accommodate the bulky nonpolar PI' residue. Thus, the SI' 
subsitc is a potential nonpolar binding site that can enhance 
the affinity of the inhibitors and substrates. The side chain 
of the Pl r residue of P628 or P79S is surrounded by Leu 41 , 
Cys^-Cys 58 , His 57 , Tyr** Tip 600 , Phe 60 ", and Lys^ as well 
as D-Fir/ U . The side chain of Thi H4 is extended into the cavity 
of the ST subsite. The thienyl ring stacks against the indole 
ring of Tip***. The side chain of Nle* 14 is also extended into 
the cavity of the Si' subsite. It forms numerous van der 
Waals interactions with Leu 41 , Tip 600 , Phe 60 ", Cys -2 , and 
Cys 59 . The e-methyl group of Nle" 4 especially, interacts with 
/5- and y-mcthylene groups of Lys^ (d = 3.9 and 3.8 A, 
respectively). 

Linker Structures. Crystal structures of thrombin— bivalent 
inhibitors show that the short linkers occupy the S' subsites 
(27 p 31)> whereas long linkers seem to be largely exposed 
to solvent (27). Slon-Usakiewicz et al. (21) reported that a 
linker of at least 15 atoms (including the Pi' residue) is 
required for optimum simultaneous bindings to the active 
site and the PRE. Here we used a 16-atom linker to provide 
some conformational flexibility. As expected, AAdod* 5 of 
P628 and P798 lies in the deep cleft along the S' subsites of 
thrombin (Figure 2). The methylene groups of AAdod 1 * 5 form 
nonpolar interactions wilh the side chains of Glu 3p and Glu 1KZ . 
The NH group of AAdod m is hydrogen-bonded to War 41 (</ 
= 3.0 A), and the carbonyl group is hydrogen-bonded to 
Wat" (d = 2.9 A). The carbonyl oxygen of AAdod 115 forms 
an intramolecular hydrogen bond with the NH proton of 
Tyr 1 * 6 . The electron density indicates that the N-tmninal 
half of AAdod" 5 is more flexible, than the C-tenninal half. 
Hiis moderate conformational flexibility of the linker may 
optimally locate the PI' and P3' residues into the SI' and 
S3' subsites. 

FRE Structure. The structures of the FRE inhibitor 
segment of P628 and P798 and the thrombin FRE are 



essentially identical, although the side chains of Glu Ii6i , 
Glu Hfil , and Cha H<M as well as the d-G1u H65 residue could not 
be identified due to the lack of electron density or to the 
scattered density (Figure 3). The Asp* 1 * 3 side chain forms a 
salt bridge (of = 2.8 A) to Arg 73 . The electron density of 
Tyr 1156 is well defined. Perpendicular aromatic— aromatic 
stacking was observed between Tyr 145 * and Pfac 34 . In addition, 
Met 31 , Leu 40 , Arg 73 , Hir 74 and Gin 1 * 1 side chains form 
nonpolar interactions with the Tyr 1156 side chain. The hydroxy 
group of Tyi" 56 forms a hydrogen bond (d = 3.3 A) with 
Arg 73 . Hie carboxyl group of Glifi 57 does not form a salt 
bridge; however, Glu 1157 Oel and Oe2 are hydrogen-bonded 
(d = 3.3 and 2.7 A, respectively) to the backbone NH of 
Tyr 7 * and Wat 49 , respectively. Wat 49 is further hydrogen- 
bonded (ff — 2.7 A) to the backbone carbonyl oxygen of 
Pro 1158 . The side chains qf Glu 1 * 61 and Glu HC1 are exposed to 
the solvent with no interaction observed. The electron density 
of lie" 5 * is well defined. The average temperature factor of 
the entire side chain was 44.5 and 46-3 for P628— and 
P798— thrombin complexes, respectively* Its side chain is 
inserted into a hydrophobic pocket surrounded by Pbe 34 , 
Leu 65 , Tyr 7 *, lie 62 , and Cha HW . The side chain of lie" 59 adopts 
a conformation with xx = —66° pointing ^CHa of lie 1159 
toward Arg* 7 different from that (% i = 58°) in the hirtidin* 5 "^ 
FRE inhibitor segment of hirutonin-2 (27). The side chains 
of Glu 3 * Glu 3 », W 1 , Leu 65 , and Met 84 were also in a 
different orientation (Figure 3). The Pro Hfi0 side chain has 
van der Waals interactions with Tyr 75 . The residues Glu H<l - 
Glu w2 -Ala H * 3 form a 3io helical turn which is stabilized by 
a hydrogen bond between the carbonyl oxygen of Pro" 60 and 
the NH proton of Ala 1163 , and nonpolar interactions of the 
Ala™ side chain with Pro HW and He" 53 side chains. TTiis 
turn brings Cha 1164 back to the binding pocket of He 1159 ; 
however, we did not observe any clear electron density in 
Cha** 64 and (D-Glu)" 65 residues, suggesting their conforma- 
tions are flexible. 
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PI' and P3' Residues of Thrombin Inhibitors 

CONCLUSIONS 

The linker of bivalent thrombin inhibitors was successfully 
d&signed to interact with thrombin 5' subsites, resulting in a 
design of trivalent thrombin inhibitors. Among the trivalcnt 
inhibitors with a various nonpolar PI' or P3' residue, 
incorporation of aromatic u-amino acids at ihc P3' residue 
improved the affinity -200-fold to a £ value of (9.5 ± 0.6) 
x 10~ 14 M with D-Phg and (1.3 ± 0.5) x 10" 13 M with 
D-Phe. Incorporation of Nle and Thi at the PI' residue also 
improved the affinity to a K t value of (3.8 ± 0.6) x 10" |d 
or (1.7 ± 0.4) x 10" 14 M, respectively. Crystal structures 
of two of the thrombin— inhibitor complexes revealed thai 
incorporation of Nle or Thi accompanies a large conforma- 
tional change of the Lys 6011 side chain and creates a deep 
and large nonpolar Si' subsite. This new ST suhsite accepts 
a large nonpolar PI' residue to improve the affinity of ligands 
by 2 orders of magnitude. Thus, the design of PI' and P3' 
residues convened the hirudin-based bivalent inhibitors into 
trivalent inhibitors, and improved the affinity to the level of 
natural hirudin (ft = 2.2 x 10~ ld M) with molecules that 
are one-third the size of hirudin. 
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In order to investigate *e else of the active rite of papain, we have studied Its 
action on 40 diantereoisgnierlc peptides of alanine, ranging in length from Ala* 
to Aia e . The variations oheerved in the rate* of hydrolysis lead to Hie concluacn 
that papain, on eadtopeptld***, has a. large active site which extends over about 
25 t aod can be divided Into 7 " subfiles* f each, accommodating one amino acid 
iMldiia of the peptide substrate. The rabeitea are located on both sides of the 
catalytic aite, 4 on tha one side and 3 on. the other, 1Mb suggests that there 
may be a tang- * groove* analogous to that found by X-ray analyBie in lyeossyme 
(Johnson and Phillip*, 1965) . T^e substrate is viflualteed as fitting into the 
groovy binding to several eubsites of specific geometry (aee BCheme, Fig, 1). 



The active Bite of an enzyme performs twofold Amotion of binding the- sub- 
strate and catalysing the reaction. Tba efficacy of few actions determines the 



25 A 



25 A- 




tlK i Bqhnmntlo repreaentatton of tiro possible emyrae-aubstrftte complexes of 
papain With a hexapeptlde. The active aite of the enzyme is composed of 7 
^ ^britee- (S^andSf -gf) located on both side* of the catalytic site C. .the 

potion*. P, on the hexapeptide substrate are runted from the point tf dme 
and thus have the same numbering as the wxbsiea* they occupy . Comply A ,*U 
yield a* products two molecules of trlpeptide, B one molecule of tetrapeptide and 
one of dlpeptide. 
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overall Activity of the enzyme towards the particular substrate, I.e. determines the 
specificity of the enzyme, ft is therefore possible to obtain information on the active 
site by studying the kinetics pf the enzyme's reactions with different substrates. 

AH important f feature of the active site is itB size. It should be possible to 
"measure" this by using substrates or inhibitor s large enough to enow up the inter- 
actions of the furthermost parts of the binding site. Jh the present series of investi- 
gations on proteolytic enzymes, our approach is to compare the activity of the 
enzyme towards (a) peptides of increasing length, (b) diastsreoieoxneric pairs of 
peptides in. which a particular amino acid residue has been replaced by its arrtipode, 
and (e) pairs of sobfltratee In Tfhich a particular aide cbftin (say a methyl group) has 
been replaced by another (say an aromatic group) . The influence of these changes 
on reaction rates as a function of di stance from the point of cleavage indicate* the 
extent of the active rite (Sgheohter *t al » , I&gs) . 

Changes in substrate composition may affect either Eh a degree of enzyme- 
saturation fl£ m ), or the catalytic step (k^. or both. When these parameters cannot 
be measured separately (e.g. is too large) the overall efficiency of the enzyme 
action can be expressed in terms of the proteolytic coefficient C (Irving et ol., 1941) , 
This is equal to V 1 ^. ^« rate at infinite subfltrate dilution. 

MATERIALS AND METHODS, The synthesis of the alanine peptides used as sub- 
strates has already been described fScheehter and Berber, 1996a) . Papain, 2* crys- 
tallized (Wormlngton) was need. For reaction conditions see Fig, 3. 

The compositions of the reaction mixtures at different times were determined by ' 
quantitative paper electtfojfooreel* (Schechter and Berber, 1986b) . Two examples 
axe given in 2. When nectary, the reaction products were isolated and their 
stereochemical compprition determined by further degradation with CP-A andVor 
LAP fSchechter and Berger. 196fib). For examples tbe split in Aia^DU^UO was 
shown to have occurred at the point indicated, since it gave Ala^LL) only, and no 



LLLLO P H 7.0 
iron«pflpiidoiion 



LOLLUL ph 3.7 
ft 



LDLLLl, P H 7,6 
' ft 




Fig. 3. The course of hydrolysis of alanine peptides by papain. Arrows 
indicate bonds cleaved; numbers give the size of the peptide, i 
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Aowiog tftttBat both be** indicated, in a ratio of 1,1. a tte c« a of A1%<^IJ 
It™ B wcwearyjo synthase a Willed substrate. Al^L ^"^'J 
(iTL) «*d Ala^LLU in a ratio of Irf. From the data, obtained, rate consents for 
the splitting of individual bonds oould be aeBig-wd unequivooally, the am of the 
SdiS^on^ata it, * Bubstrat* being equal to the rat. of its dieappearance. 

RESULTS AND DISCUSSION. Proteolytio Coefficients. C, for cleavages at pH 3.7 
are giv»n In Pif . 3 on a log scale ». No hydrolysis occurs at bonds involving a D- 
residue. or at X.-L bonds in DL-L eequenceB (Schechter et al.1985) . We Interpret . 
the obwtvcd vacations in C on the basis of the following assumption: the substrates 
are lined up on ft* enzyme In sud. a way that the CO-MH group being hydrolyaed 
slwaya oecupiee the same place (the catalytic eite); *e ™lflo acid residues occupy 
adjacent BUbaites, Baose towards the NH t -end occupying winsiteB S,. S, etc., those 
towards the COOH-end occupying -ubsltee S{, Sj< etc- **r conTertenee we number 
the "poattJorW of ttae resfduee in the peptide according to the sabsltea they occupy, 
and thus ihe nvanhering m a given peptide dependB on which bond is BpUt. *Y>r 
example. In. the pair AlarfMALLU «d Ala«(DI,LLLU the diaetereoisomeric replace- 
ment of Ala-1 is said to be at P a when the bond between Ala-3 *Ad Ala-4 f e cleaved - 
hut at P, when the bond between Ala-4 and Ala-5 is cleaved (see Si*. D - 

Table I gives the information wftich can be extracted from Fig. 3 regarding the 
effect of diastereoisoroerlc raplacements and of elongations by L or t> residues. B 
la seen timt the inhibiting effect of D-residues is Btrongert *» S, and decreasing 
with distance from the catalytic point. Sob Bites on the amino terminal side seem to 
be more eetisiti^e to replacement (at equal distance) U»n on the carboxyl side. A 
striking Jeature ie the cooperative effect of a doable replacement on opposite Bides 
of the susceptible bond, as in A]a/TJLUJ| -> . reuniting in a quotient 

of 100 (J/S, FlS. 3) : taifl is the product of the mines for the two single replace- 
ments (J/N = 10 and J/Q - 10). 

AlBO In polypeptide*, the deereaee in hydrolyata rate due to the presence of D- 



1 At pH 7 extensive transpeptidatlon occurred with peptides which did not contain 
a D-reaidue in the N-terminal or next to it. Sobstrates Buch as Ala^DLjJ or 
Ali/un* «• transpeptioation (see Pig. 2). IMs can be ejqiataedby 

asenming thatttie substrata, acting a» the acceptor, must ocoupy the^ 
specific substtee S." and Stf wiOi ile two N-termlnal residue b during the deflation 
step and will therefore fit only if both are of the L^confiewatlen. Evidence for the 
erfntence of mbytes S,«, Sj> and S,i was obtalnedby Brubacher and Bender 1967) 
who found that dwiamoyl -papain wae dsacylated by Gly Q NH^n - 1 to 3) at rates 
increasing with n. 
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«<f. 3. The proteolytic coefficients C ^, «~ ^ , n> r me 
hycfr^Bifirf individual bcnda in * series of alanine peptides at 
pH 3.7, 3e*C. The peptides are drawn schematically at the height 
eoraepondins to ,he c-v*] ue for the b o ad crcAsing- the heavy vertical 
linMempiy circle* -o- indicate L-residusap, fall circles r> 
residucs; the caiboxy; | B to die right), rhe tmbsitea <$„ a etc J 
occupied by the various rcrfdue* during the splitting of the bond are 
indicated faction mixture* wbstrate 0.02 M; papain i afi x 10~ 5 M 

i rt f c «^ ^ erCapl0MhArK}1 °' 0XM 5 EDTA O.OOSMj citric aold 
O.OflSM? Na 1 HPO < 0.01GM, 
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TABLE I The Effect of Changed in Substrate Structure on Rates of Bfrdrofrsis 

The cumber* are the proteolytic quotients ttrvin^eral, , 19*^ obtained from the 
proteolytic coefficients In Kg. 3. The letters in parentheses correspond to the C- 
values from whioh the ratio 1b calculated. 
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b> Elongation by IiHresIdue 












i 


11 


12 (Q/U) 


> BD 






29 


(A/0» 


12 (0/N) 




IB (fc/H) 










15 


















15 


















11 









residues follow the pattern of table J- We found feat the OI.LD sequence in the 
ordered copolymer (hnU B are not digested, the sequences in (LTOlJ, are 

digested slowly (C^D, and the DLLLIJJ sequence in <LIJ)LI^ quite "rapidly (C*30). 

To earn up, from Table X it can be seen thai the effect of dUBtereoisomeric 
replacement or of elongation ie etronffjy felt over a range o f seven amino acid resi- 
dues, namery in to F 4 and Pf lo . Thi* means that the act™ rite of papain 
correspond* Jn size to at least seven amino acid resides (swbsitefl S, - S 4 and 
Bf - Si in Mr, 1 and Table 1 >. This size - about 25 A, takftig 3-5 A per residue - 
is larger than wan himerto suspected, ft is roughly, as long as the binding Site- In 
lyeozyme which accommodates 6 sugar units d%illipa f 1S66) - 

we assume that the active sites in proteases in gen***! are large, it might 
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be poBsible to explain "unexpected" cloavag©* observed in proteins {Hill, 1965) . it 
id reasonable to expect that the eubsitea sho* s in addition to their ^reospecificity, 
specific interactions with different amino aoid side-chains, We have indeed observed 
this in carboKypepttdftse-A (Abramowite et al. , 19*7) , Ttiis would mean that the reac- 
tivity of a certain bond in a protein depends nni only on me two residues forming this 
bond (which occupy S 4 and B{ during hydrolysis) but al*o on th* nature of mo residues 
in itu neighborhood, occupying adjacent aubsftes. In other wordo, the enzymee seem 
to be capable of "recognizing* quite a large portion of a peptide chain. 
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